Electrochemical doping of single-wall carbon nanotube ͑SWNT͒ films and concomitant changes in their electronic states were investigated by in situ measurements of optical absorption spectra as well as of ac resistance using a nonaqueous electrolyte solution. A systematic, consistent, and reversible variation of these properties induced by the shift in the electrode potential demonstrated the practicability of fine and continuous tuning of their electronic states. Analysis of the potential dependence of the absorbance at 0.68 eV enabled the estimation of average values of the electron affinity ͑4.8 eV͒ and the first ionization potential ͑5. To fulfill such expectations, understanding their basic properties as well as establishing methods to control their valence electronic states is crucial.
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In our previous studies, we elucidated the chemical doping processes in semiconducting and metallic SWNTs by monitoring the changes in their optical absorption spectra as well as of their dc resistance. In these experiments, alkali metals ͑electron donors͒ or halogens ͑electron acceptors͒ were doped into SWNT films with controlled stoichiometry. We showed that semiconducting SWNTs could be either n or p doped, demonstrating their amphoteric doping behavior. 2 In the present study, we carried out electrochemical doping of SWNT films while in situ monitoring their optical absorption spectra and ac resistance. The advantage of this spectroelectrochemical approach is that the electronic structures of a SWNT can be closely probed while finely tuning its electrochemical potential or, in other words, the Fermi level ͑as already suggested in Ref. 3͒ . Furthermore, since the electrode potential ͑versus a reference electrode͒ can in principle be converted into the absolute energy scale ͑versus the vacuum level͒, 4 we could estimate average values of the ionization potential and electronic affinity of semiconducting SWNTs, important parameters so far not reported to the best of our knowledge.
Electrochemical experiments were performed using working electrodes made of SWNT film deposited on top of quartz plates precoated with semitransparent Pt film. The synthesis and deposition of the SWNT film are described elsewhere. 2, 5 Working ͑SWNT/Pt͒, counter-͑Pt plate͒ and reference ͑Ag wire͒ electrodes were immersed in acetonitrile (CH 3 CN) with lithium perchlorate ͑0.1 M LiClO 4 ͒ dissolved as a supporting electrolyte. We selected acetonitrile instead of water because of its stability in a large potential range and optical transparency in a wide spectral range. Nitrogen gas was flushed through the solution to purge oxygen. Measurements were carried out using a Solartron 1287 potentiostat/ galvanostat apparatus. ͑Hereafter all electrode potentials mentioned are in volt versus Ag wire.͒ In situ optical absorption spectra of SWNT films were recorded in the transmission mode with the light beam passing through SWNT/Pt working electrodes set inside an electrochemical cell. By use of a two-beam configuration of a Shimadzu 3100 spectrophotometer, absorption due to the SWNT film was properly extracted. Furthermore, corrections for the strong absorption due to the electrolyte solution in the near-infrared region and that for the reflectivity of the Pt electrode were reasonably achieved.
In situ ac resistance measurements were performed on SWNT films deposited onto quartz plates precoated with four Au electrodes. The two outer electrodes were connected to an ac constant current source, while the inner two were connected to a lock-in amplifier to measure the voltage drop. One of the outer electrodes was also connected to the potentiostat to polarize the SWNT film against the reference electrode. The use of ac for resistance measurements and dc for electrochemical control eliminated crosstalk between the two circuits, as already described by Claye et al. 6 The optical absorption spectrum of a pristine SWNT film is characterized by three main features at approximately 1800 ͑0.68 eV͒, 1000 ͑1.2 eV͒, and 700 nm ͑1.8 eV͒ superimposed on the broad absorption band centered at around 250 nm. 5 The features at 0. Figure 1 shows the absorption spectra of a SWNT film at constant electrode potentials. These data were collected in potentiostatic mode 500 s after the application of the potential to largely fulfill the steady state conditions for both current ͑generated in the electrochemical cell͒ and absorbance ͑at a specific wavelength͒. As the electrode potential was shifted in the negative direction from Ϫ0.4 V, the absorption peaks started to diminish sequentially; first the peak at 1800, next at 1000, and then at 700 nm. When the potential was shifted in the positive direction from Ϫ0.4 V, a similar decrease of absorption intensity was observed. It is remarkable that the optical absorption spectra of the SWNT film underwent comparable changes either for anodic or cathodic polarizations. At 1.0 V, all the absorption bands disappeared, but when the potential became even more positive ͑Fig. 1 inset͒, new broad peaks emerged around 1070 nm ͑1.15 eV͒ at 1.4 V and 1000 nm ͑1.24 eV͒ at 1.8 V. In contrast, no new absorption features were observed at negative potentials, at least up to Ϫ1.4 V, within our experimental conditions. At potentials larger than 1.4 V, we observed a weak but significant increase of the absorption background in the nearinfrared region. Figure 2͑a͒ displays the absorbance monitored at specific wavelengths versus the electrode potential. The absorbance at 0.68 eV shows a reasonably well-defined plateau ͑within Ϯ5%͒ between approximately Ϫ0.5 and ϩ0.1 V ͑0.6 eV width͒, and sharply decreases for both anodic and cathodic polarizations. A similar result was observed for the feature at 1.2 eV, where a larger plateau was identified between Ϫ0.9 and ϩ0.2 V ͑1.1 eV width͒. We stress that the widths of the above-mentioned plateaus were comparable to the energies of the optical band gaps v s 1 -c s 1 and v s 2 -c s 2 , respectively. The absorbance at 1.8 eV also showed significant potential dependence, but no clear plateaus could be resolved, probably because of the larger background absorption.
Essentially the same results were obtained for different combinations of supporting electrolytes and solvents, such as sodium perchlorate (NaClO 4 ), tetraethylammonium perchlorate or tetra-n-butylammonium tetrafluoroborate in acetonitrile and NaClO 4 in dimethyl sulfoxide or N-N-di-methylforymamide.
Although an alteration of absorbance at 0.68 eV with the electrode potential was reported very recently using potassium chloride in aqueous solution, the narrower potential range employed prevented a close analysis of the relationship with the band structure of the SWNT. The changes in the optical absorption spectra and ac resistance were fully reversible at least between Ϫ1.4 and 1.8 V. Beyond this range the alterations were irreversible and accompanied by degradation of the film ͑mainly peeloff from the substrate͒.
To elucidate the underlying electrochemical reactions involved under cathodic and anodic polarizations, ex situ x-ray photoelectroscopy ͑XPS͒ study were carried out on doped SWNT films. They were polarized at ϩ1 or Ϫ1 V in 0.1 M LiClO 4 /CH 3 CN solution for 500 s. The samples were quickly removed from the solution and disconnected from the potentiostat unit, then immediately dried in air, and finally transferred into the XPS chamber. The analysis of the XPS data revealed that the relative atomic ratio of ͓Cl(2 p 3/2 )͔/͓Li(1s)͔ was 1.44 at ϩ1 V and 0.82 and at Ϫ1 V ͓͑element͔ stands for the area ͑in counts eV/s͒ normalized by the sensitivity factor of that element, using a Al K␣ source͒. We confirmed that the ratio was almost unity for a SWNT film only dipped into the electrolyte solution without external polarization. Therefore, it was concluded that Cl and Li atoms were preferentially intercalated in the SWNT film at ϩ1 and Ϫ1 V, respectively. Note that the uptakes of Cl and Li were probably in the form of ClO 4 Ϫ and Li ϩ ions as inferred from their characteristic XPS binding energies at 209 and 56 eV, respectively. In this context, we propose that the SWNT films underwent the following simplified reactions ͑for the sake of simplicity a unit cell of a nanotube containing n carbon atoms is denoted C n ͒.
Anodic ͑ϩ1 V):
Cathodic ͑Ϫ1 V):
A straightforward interpretation of the experimental results can be derived by invoking an electron transfer mechanism within the framework of the rigid-band model. This is in analogy to SWNT films chemically doped from the gas phase with either electron donors ͑K, Cs͒ or electron acceptors (I 2 , Br 2 ). 2 The sequential disappearance of the absorption features under anodic polarization ͑first 0.68, then 1.2, and finally 1.8 eV͒ reflects electron depletion of the occupied bands with the following order: first v s 1 , then v s 2 of the same semiconducting nanotube, and finally v m 1 in the metallic nanotube. In this context the SWNT film undergoes electrooxidation according to Eq. ͑1͒. The decrease in R/R max largely in parallel with the absorbance at 0.68 indicates that the conduction in the semiconducting SWNTs determined the overall electrical transport. A similar explanation can be applied for cathodic polarization, where electrons are injected into unoccupied energy levels of the SWNT ͓elec-troreduction according to Eq. ͑2͔͒. The electronic states in semiconducting and metallic SWNTs are shown to undergo reversible charge transfer, because both the electro-oxidation and electroreduction described by Eqs. ͑1͒ and ͑2͒ are reversible.
To illustrate the above discussion, we assume an ''ideal sample'' consisting only of one type of semiconducting and one type of metallic SWNT with chirality indices of ͑12,8͒ and ͑10,10͒, respectively ͓see the bottom of Fig. 2͑a͔͒ . These were deliberately chosen because their calculated distribution of density of states ͑DOS͒ accounts for most of the electronic transitions observed in the optical absorption spectra. For comparison with the electrochemical data, the energy scale of the DOS was intentionally translated to bring the center of the band gap to coincide with the open-circuit potential E oc ϭϪ0.26 V of the SWNT working electrode ͑ex-perimentally measured for a freshly prepared sample͒.
We attempted to extract an average and rather provisional estimate of the ionization energy and electronic affinity of semiconducting SWNTs. The electrode potential versus Ag wire was first referenced against the normal hydrogen electrode ͑NHE͒, and then it was converted into energy relative to the vacuum level (E abs ) using the relations 4 E abs ͑eV)ϭϪ4.50ϪE NHE ϭϪ5.29ϪE ͑ V vs Ag͒, assuming E NHE ͑V vs NHE)ϭE ͑ V vs Ag͒ϩ0.79. ͑3͒
As already mentioned, the absorbance versus potential monitored at 0.68 eV ͑assigned to the v s 1 →c s 1 transition in semiconducting SWNTs͒ was characterized by a plateau between Ϫ0.5 and ϩ0.1 V. From these data and according to Eq. ͑3͒, we speculate that the first ionization potential ͑or energy of the v s 1 state͒ is about Ϫ5.4 eV and that the electronic affinity ͑or energy of the c s 1 state͒ is about Ϫ4.8 eV. A similar analysis showed that the energy levels of v s 2 and c s 2 are approximately at Ϫ5.5 and 4.4 eV, respectively. Since we made a number of approximations and since electrochemical processes are inherently complex, the abovementioned ionization potential and electronic affinity should be confirmed by different methods. From the present study, the work function of a pristine SWNT film was found to be about 5.0 eV, in relatively good agreement with previous work using ultraviolet photoelectron spectroscopy ͑4.8 eV by Suzuki et al.
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͒ and electron emission experiments ͑5.1 eV by Lovall et al. 10 ͒ under ultrahigh-vacuum conditions. The emergence of the optical transitions in the SWNT film at high electrochemical potentials ͑at 1.15 and 1.24 eV for 1.4 and 1.8 V versus Ag, respectively͒ is very reminiscent of the doping-induced absorption observed for chemical doping from the gas phase ͑at 1.07 and 1.3 eV for CBr 0.15 and CCs 0.10 , respectively͒.
2 Their origin can be rationalized since the depletion of high-lying valence states should enable new optical transitions from deep-lying valence states in both semiconducting and metallic SWNTs, but their assignment to a specific electronic transition and their electrode potential dependence are still a subject of speculation.
In summary, the present work demonstrated that the electronic structures and properties of SWNTs can be finely and continuously tuned by the spectroelectrochemical technique. It allowed the estimation of average values of the electronic affinity (EaϷ4.8 eV) and the first ionization potential (IϷ5.4 eV) of semiconducting SWNTs.
